Abstract Over the last years, the numerical simulation of integrated processes has become the major challenge in virtual try-out of sheet metal components, including trimming operations that may occur between forming steps. Detailed simulation of trimming processes is a challenging task, particularly when integrated with other forming operations such as deep drawing or hemming. A simplified approach can be adopted in which elements outside the trim surface are deleted from the finite element (FE) model adjusting the remaining to the surface. Following this approach, the state variables are mapped from the old FE mesh to the new trimmed mesh to continue the simulation. This paper addresses this simplified approach to the trimming process exploring a previously presented algorithm (Finite Elem Anal Des 42: 1053-1060, Baptista et al. 2006) , which allows the treatment of hexahedral finite element meshes. Particularly, it focuses on the performance evaluation of the implemented strategies for correcting the FE mesh to the trimming surface, including the treatment of pentahedral-shaped elements. Different correction and treatment strategies are evaluated on different types of meshes, based on numerical simulation results of simple mechanical tests: uniaxial tensile test and simple bending test. Finally, two practical applications are given where the local effect of the trimming algorithm is highlighted.
Introduction
Nowadays the finite element method (FEM) is one of the most popular tools used to solve all types of complex engineering problems. Among other mechanical engineering areas, the continuous development of FEM codes specifically dedicated to the numerical simulation of sheet metal forming processes has strongly contributed to reduce the long and costly trial-and-error tool design process. However, the present challenge is not only to simulate the forming processes but also the entire sequence of production stages, including the tasks between forming operations or even the optimization of the digital manufacturing process itself [2] [3] [4] .
In the fabrication of an automotive panel several trimming operations can be performed between each forming stage. Therefore, to accurately simulate a multi-stage deepdrawing process, it is necessary to take into account these intermediate trimming operations. Typically, the blank trimming operations are performed resorting to shearing processes. The FEM simulation of these processes is still quite challenging and requires advanced constitutive damage laws and very refined FE models. Therefore, most of the FE studies concerning trimming/blanking processes focus on 2D models [5] [6] [7] and only a few exceptions on the analysis of 3D processes [8] [9] [10] . The development of integrated numerical tools, able to simulate the complete sheet metal forming manufacturing processes is of paramount importance to answer the real needs of the automotive industry. In this context, a simplified approach can be adopted to estimate the global influence of the trimming stages in the sheet metal forming processes. In this approach the FE model for the cutting process considers only the trimming surface and adjusts the FE mesh to it. The state variables are mapped between the old and the new FE mesh and a new equilibrium configuration is determined. Thus, no local effects associated to the cutting process are taken into account.
The simplified approach is the one adopted in DD3TRIM (acronym of Deep-Drawing 3D TRIMming code) in-house code, which was specifically developed for trimming 3D solid finite element meshes and remapping the state variables [1] . The numerical simulation of multistage forming processes can be performed combining DD3TRIM with DD3IMP (acronym of deep-drawing 3D IMPlicit code) in-house code [11] [12] [13] [14] , used for FEM analysis of the forming stages. All the algorithms developed in DD3TRIM code allow the trimming of finite element meshes composed by eight-node solid finite elements. The solid elements can be trimmed using surfaces defined by planes, to execute simple straight cuts, or by NURBS surfaces, to attain more complex trimming geometries [1] . Although solid elements can strongly penalize the computational efficiency, when compared with shell elements, they show many advantages in sheet metal forming simulations. Among others, they allow an accurate evaluation of the contact forces, through a precise description of the contact evolution on both blank surfaces, as well as an accurate description of the thickness evolution. Also, they allow a good prediction of the through-thickness state variable gradients and can be important to guarantee the accuracy in springback simulation, when the ratio between the tool radius and blank thickness is lower than 5-6 [15] .
Only a few references can be found in the literature that specifically addresses the subject of trimming finite element meshes and, in particular, for solid elements applied to describe blank sheets. The simplest way to trim a finite element mesh is to eliminate the undesired elements. This methodology was applied, for instance, in the work of Kawka et al. [3] . In case of methods where the trimmed FE mesh is precisely adjusted to the trimming line/surface, the studies of Coelho et al. [16] for shell element meshes and Dhondt [17] for solid hexahedral meshes can be referred. Dhondt developed a method based on adjusting and subdividing the trimmed elements, which can significantly increase the number of elements added to the final trimmed mesh, which has a negative impact on the calculation time. Also, elements with large variations in size can be created, as well as distorted elements, which are obviously undesirable in terms of numerical accuracy of the subsequent numerical simulations.
The methodology adopted in the present work to trim the solid finite element mesh consists, first, in removing all elements that are located in the region to be eliminated, and identifying the elements that are intersected by the trimming surface. In the second step, the spatial position of some nodes of the trimmed elements is adjusted, with a socalled stretching node technique. In this correction stage there is no element addition and the distortion level depends both on the strategy adopted to adjust the nodes position and the relative position between the trimmed element and the trimming surface. In some cases these elements can be more distorted and even acquire pentahedral shapes. To minimize the distortion of such pentahedral-shaped elements, a post-processing stage is adopted, using one of the following local treatment schemes: element subdivision, node distribution and element degeneration. Although the proposed algorithms were specifically developed for hexahedral 3D solid finite elements, they can also be applied to trim 2D shell element meshes, since this can be simply understood as a particular case of a solid finite element mesh, where the third dimension is removed from algorithms.
The application fields of this trimming algorithm are very diverse. It has been applied in the intermediate steps of standard multi-stage deep-drawing processes [18, 19] , as well as a pre-processing technique for mesh generation purposes. As example, starting from a structured and regular initial mesh and removing and trimming the excessive volume, a FE mesh of an arbitrary geometry of an initial blank can be both straightforward and efficiently obtained [20, 21] .
The main objective of this paper is to evaluate the impact, in the numerical simulation results accuracy, of the methodologies used to correct and treat the trimmed elements towards the trimming surface. Two simple mechanical tests were chosen to try to isolate the influence of the trimmed elements in the overall numerical simulation results: the uniaxial tensile test and the simple bending test. Two types of mesh specimens were used: extracted (trimmed) from a homogenous base mesh and regular meshes with different inner elements orientations. Both types were generated with three different orientations, a, to the longitudinal plane of the sample (15°, 30°, 45°). The trimmed specimens allow to obtain elements with different distortion levels along the trimmed edges and thus to measure the impact of the correction and treatment algorithms. The regular meshes with different inner elements orientations are used to evaluate the influence of the element orientation with respect to the load direction.
The remainder of the paper is divided into three major sections. In Sect. 2, a review of the trimming algorithm and the correction and treatment methodologies is presented. Section 3 presents the numerical results obtained for the uniaxial tensile and simple bending tests, for the different mesh specimens. In Sect. 4, two trimming benchmarks are presented to highlight the local effect of the adopted trimming algorithm. Finally, in Sect. 5 the main conclusions are summarized.
The trimming algorithm
The adopted trimming algorithm is divided into three stages: pre-processing, correction and post-processing. In the first, all the required data for the trimming operation is collected and some preliminary tasks are conducted to organize and store the information about the mesh to be trimmed. The correction stage includes the element removal, based on the volume of the element belonging to the region of the mesh to be eliminated, and application of the chosen adjustment strategy to correct the trimmed elements. At the post-processing stage, a run check is carried out to identify and locally treat the pentahedral-shaped elements that were created during the correction stage. Finally, the new trimmed mesh file is produced. Table 1 presents DD3TRIM global algorithm, which is briefly described in the next three subsections. A detailed description of the algorithm can be found in Baptista et al. [1] .
Pre-processing stage
In the pre-processing stage, all data required for the trimming operation is read from input files, namely: the mesh to be trimmed; the geometrical information about the trimming surface (plane or NURBS surface); the correction type to be applied to the trimmed elements; and the local treatment scheme for the pentahedral-shaped elements. Additional geometrical information about the eight-node solid finite element mesh is internally generated, mainly related to the construction of connectivity tables for the nodes, edges and facets of the elements.
After allocating all the necessary connectivity tables, the relative position of both nodes and elements to the trimming surface is determined and stored in two status tables. For each node, the STATUS (node) table is generated with one of the following three statuses: ''keep'', ''eliminate'' or ''on surface''. The STATUS (element) table is created with one of the following statuses assigned for each element: ''to treat'', ''keep'' or ''eliminate''.
The status of each node is determined using an algorithm based on the projection of the node on the trimming surface. The algorithm assumes that the trimming surface has been previously oriented towards the mesh side to be eliminated [1] . The status of each element is determined by counting the number of nodes that have the ''eliminate'' status. If the number of nodes with ''eliminate'' status is equal to eight, the element status is ''eliminate''. Otherwise, if none of the nodes of the element has ''eliminate'' status, then the element status is ''keep''. Finally, when the number of nodes to eliminate is greater than zero but lower than eight, the status ''to treat'' is assigned to the element.
Correction stage
At the beginning of the correction stage each element with status ''to treat'' is checked to decide if the element should be eliminated or kept in the final mesh. The decision is based upon the percentage of the volume of the finite element that has to be eliminated, V eliminate . If this percentage is less or equal to 50 % the element is assigned with status ''keep''. Otherwise, the element is assigned with status ''eliminate''.
Three different correction strategies were implemented to adjust the nodes of the trimmed finite elements: one merely based on element elimination, labeled I, and two other that try to describe the trimming geometry accurately, labeled II and III. In correction type I all nodes and elements with status ''eliminate'' are suppressed from the mesh, creating an irregular mesh boundary. This correction type is used by some commercial and academic codes and is the base for the other two developed correction strategies (e.g. [17, 22] ). Furthermore, this simple strategy can be useful in the practical manipulation of large models, allowing to perform rough eliminations of parts of the mesh before proceeding with smoothing trimming operations. In correction type II, nodes with ''keep'' status are orthogonally projected onto the trimming surface. Nevertheless, to assure that the domain of the mesh is kept in the thickness direction, additional corrections are undertaken to determine the new node positions. In correction type III, the new spatial position of nodes with ''keep'' status is obtained by determining the intersection of the finite element edge with the trimming surface, for a predetermined edge correction direction. This correction method is particularly recommended in situations where it is essential to maintain the orientation of the element edges, such as when trimming multi-material meshes, where it is indispensable to preserve the boundaries of each material [1] . A schematic illustration of the three correction types is presented in Fig. 1. 
Post-processing stage
In the post-processing stage, the nodal coordinates and finite element connectivity tables of the mesh are updated, by suppressing all nodes and elements that have been assigned with status ''eliminate''. Due to nodal adjustments performed in the correction stage, elements with pentahedral-shape can appear in the trimmed mesh (see Fig. 2a ). Therefore, to minimize the elements' distortion, a local treatment is performed only to the pentahedral-shaped elements. A more global and extensive treatment is not adopted to minimize the region affected by the correction operation and avoid affecting the inner mesh elements. This allows reducing the error that is always present in the remapping operation that transfers the state and nodal variables from the original to the trimmed mesh. Three local treatment schemes are implemented. The first one, labeled L, consists in subdividing the element into five smaller ones, by inserting a regular element in the middle of the original pentahedral-shaped element (see Fig. 2b ). This strategy tries to eliminate the wide 180°a
ngle that exists at the exterior edge of the pentahedralshaped element, but at the cost of creating some narrow angles in some edges of the new elements. The second option, not labeled, consists on moving the nodes of the trimmed face of the element to the middle edge position (see Fig. 2c ). Finally, the third option, labeled D, consists in element degeneration, transforming the standard eightnode solid finite element into a six-node element, but with the connectivity of an eight-node element (see Fig. 2d ). 
Numerical simulation tests
The implemented correction and treatment methods can affect the shape of the trimmed elements and, subsequently, their performance in the numerical simulations. Therefore, to evaluate the suitability of the adopted solutions, some FE meshes were tested by simulating two simple mechanical tests: the uniaxial tensile test and the simple bending test. The simulations were performed using the DD3IMP (which stands for deep-drawing 3D IMPlicit code) static fully implicit in-house FE code, specifically developed to simulate sheet metal forming processes. The evolution of the deformation process is described by an updated Lagrangian scheme, based on the principle of virtual velocities proposed by McMeeking and Rice [23] . Contact with friction between the forming tools and the blank (deformable body) is based on a master-slave algorithm, with tools behaving as rigid bodies; friction is modeled by Coulomb's law. The contact with friction problem is treated by an augmented Lagrangian approach. For a given time increment t; t þ Dt ½ , an explicit algorithm is firstly used to calculate an approximate first solution for nodal displacements, state variables and frictional contact forces; a rmin strategy imposes several restrictions on the time increment size to improve both convergence rate and results accuracy [24] ; finally, the explicit first solution is iteratively corrected, using a Newton-Raphson algorithm, to solve, in a single iterative loop, all problem non-linearities associated with both contact with friction problem and the constitutive behavior of the deformable body. The iterative procedure finishes when a satisfactory equilibrium in the deformable body is attained. It is then possible to update the blank sheet configuration, as well as all state variables, passing on to the calculation of the next time increment, until the end of the process [11] [12] [13] [14] . 
Specimen description
The tested trimmed meshes were all obtained by cutting a regular mesh, with 2 mm in-plane element size, into small specimens measuring 100 9 20 9 1 mm. The mesh samples were trimmed with three different angles, a, with respect to the horizontal direction: 15°, 30°, 45°(see Fig. 3 ). Correction method 'I' was not tested, since it cannot reproduce the geometrical borders of the specimens with accuracy. Correction methods 'II' and 'III' were combined with the different pentahedral-shaped element treatment methodologies to generate different trimmed meshes. The nomenclature used to describe the trimmed meshes is as follows: first, the correction method is identified followed by the treatment type. Thus, a mesh trimmed with correction method II and pentahedral-shaped elements treated by degenerating the element, is labeled 'II D'. If the pentahedral-shaped elements are treated by node distribution, no indication is added, leading to the label 'II'. Figure 4 presents the reference mesh as well as the trimmed meshes tested for correction method 'II' and 'III'. The meshes for pentahedral-shaped elements treated by element degeneration are not presented, since the finite element shape is the same for both treatment types. For a = 45°, only correction method 'II' was used due to obvious similarities between correction methods 'II' and 'III'. However, in this case an additional mesh was used in the tensile test example, which resorts to treatment type 'L' to correct the pentahedralshaped elements (see Fig. 4g ). The main objective of using this mesh was to evaluate the state variable gradients (and CPU time) obtained with this different shaped small elements ( Fig. 4g ), in comparison with the other meshes obtained by the other correction methods.
The inner finite elements of the trimmed meshes have an orientation with respect to the horizontal direction (tensile and bending loading direction) that is different from the reference mesh, as shown in Fig. 5a . To try to quantify separately the effect of the mesh orientation and of the trimmed elements, regular meshes with different inner elements orientations were also considered. Two different types of regular meshes were generated considering different orientations. In the first case, the finite element distribution along the horizontal direction is equal to the base mesh, presented in Fig. 5 , and the distribution along the vertical direction is rotated by an angle a with respect to the base mesh vertical direction (see Fig. 5b ). Thus, the label used for this type of mesh is always the rotation angle a followed by V. In the second case, the finite element distribution along the vertical direction is the same as the base mesh and the distribution along the horizontal direction is rotated by an angle a with respect to the one used in the horizontal direction of the reference mesh (see Fig. 5c ). The label adopted for this type of mesh is always the rotation angle a followed by H. The distance between both directions was considered always equal to 2 mm, as also shown in Fig. 5 . Thus, the parallelogram that defines the finite element in the plane presents equal length sizes a.
The same three values were considered for the a angle in the generation of the V and H rotated meshes: 15°, 30°, 45°, and the tested meshes are presented in Fig. 6 . These meshes use only degenerated elements in the border lines. Considering the finite element aspect ratio as the inplane longest to shortest side lengths, a, of an element, all meshes present a ratio equal to 1.0 for the inner elements. However, the rotated meshes length size changes with the rotation angle. To take this change into account, the inplane finite element shape quality can be defined as
Where, A is the area of the parallelogram and a is the length size [25] . Table 2 presents the geometrical characteristics of the inner finite elements of the trimmed and rotated meshes. All trimmed meshes present the same SQ value of 1.0, which corresponds to the perfect reference finite element. For the rotated meshes the SQ value is always inferior to 1.0 and decreases with the increase of angle a. For these meshes the longest diagonal, d 2 , is always longer than the one of the rotated meshes and increases with the increase of angle a. The shortest diagonal, d 1 is always shorter than the one of the rotated meshes and decreases with the increase of angle a. Thus, both diagonal values contribute to the decrease of the SQ value with the increase of angle a.
The mesh characteristics are presented in Table 3 , where NE is the number of elements and NN the number of nodes. These characteristics are presented for meshes with one and two layers of elements in the thickness direction. The specimens with one layer are used in the tensile test example, while for the bending test it is necessary to consider at least two layers, to capture the through- thickness stress gradients. The numerical prediction of bending results (i.e., force-displacement and springback angle) is quite sensitive to the in-plane mesh refinement and to the number of layers, being more accurate for a finite element mesh ratio (in-plane length divided by the through-thickness length) close to 1.0 [26, 27] . Taking into account the specimen thickness of 1.0 mm this requires an in-plane dimension (corresponding to the minimum distance between two nodes along the bending direction) of 0.5 mm. In fact, the reference mesh and all H meshes present a finite element mesh ratio equal to 4.0. The V meshes present a finite element mesh ratio always higher than 4.0, which increases with the increase of the h angle. However, for the rotated meshes it is not easy to evaluate this parameter. Thus, the analysis is performed using the geometrical characteristics presented in Table 2 . Although the results presented for the bending test are globally affected by the finite element mesh ratio, they allow the analyses of the influence of the implemented correction and treatment methods.
Material mechanical behavior
The constitutive equation that models the materials' mechanical behavior establishes the relationship between the most relevant state variables characterizing the continuum medium. The hypoelastic formulation of the generalized Hooke law is adopted,
where _ r J is the rate of variation according to the Jaumann derivative of the Cauchy stress tensor r and D the strain rate tensor, which can be decomposed into elastic and plastic parts, respectively D e and D p . C e is the fourth-order elastic moduli which, for isotropic elasticity, is defined as
where E is the Young modulus, t is the Poisson coefficient, I 4 and I are the fourth-and second-order identity tensors. The rate form of the elastoplastic constitutive equation is given by
C ep is the fourth-order elastoplastic moduli according to the constitutive model adopted (work-hardening laws and yield criterion). D, the strain rate tensor, is the symmetric part of the velocity gradient L.
Assuming that the constitutive model is formulated in the objective frame, all tensorial quantities are invariant. The global and objective frames are related throughout the rotation matrix R, which is derived from the polar decomposition of the deformation gradient F. The NE number of elements, NN number of nodes evolution of the rotation tensor R during the process is governed by the differential equation
where W is the total spin tensor (anti-symmetric part of L) [28] . An associative plastic flow rule is adopted,
where D p is the plastic strain rate tensor, Y is the flow stress, " r is an equivalent tensile stress (computed from the chosen yield criterion) and R ¼ r 0 À X is the effective deviatoric stress tensor. r 0 is the Cauchy's deviatoric stress tensor and X is the back-stress tensor. _ k is a plastic multiplier, which, when the yield function is a homogeneous function of degree one, can be demonstrated to be equal to the equivalent plastic strain rate, _ " e p , i.e., _ " e p ¼ _ k. The total equivalent plastic strain " e p is computed from the loading history as
The evolution law of X depends on the adopted kinematic hardening law. In this work kinematic hardening is not taken into account, i.e., R ¼ r 0 . The yield function can be formulated in a generic form as
" r is determined from the classical von Mises yield criterion, defined as
The integration of the constitutive Eq. (4) at each material point allows to determine the increments of stress state Dr ð Þ and equivalent plastic strain D" e p ð Þ. To determine these quantities, the consistency condition _ F " r; Y ð Þ ¼ 0 is imposed on the final configuration of time increment t; t þ Dt ½ . Due to constitutive behavior non-linearities, a Newton-Raphson algorithm is used. For further details readers are addressed to references [29, 30] .
The numerical simulations were performed considering an elastoplastic material behavior, with isotropic work hardening described by the Swift law:
where K, e 0 and n are material parameters. The material parameters considered are listed in Table 4 . Figure 7 shows a schematic representation of the uniaxial tensile test. The test was performed considering an imposed total displacement of 6 mm on each side of the specimen, in opposite directions (see Fig. 7 ). The nodes with imposed displacement are not allowed to move in any other direction. The force-displacement results obtained with the different meshes show almost negligible differences (see Fig. 8 ). However, the state variables' fields present some differences that are dictated by the correction/treatment type and the inner element orientation. The state variable selected to analyze the influence of these parameters was the equivalent plastic strain. Results are presented in the following subsections.
Uniaxial tensile test

Equivalent plastic strain distribution
In this work a traditional tri-linear eight-node hexahedral finite element associated with a selective reduced integration scheme (SRI) is adopted [31] [32] [33] . Therefore, the integration of the constitutive equation is performed for eight integration points. In the following examples the equivalent plastic strain isocontours are plotted considering the values estimated for each node as follows
being Nel the total number of elements that share node in and ig i the integration point linked (i.e., the closest) with a given node inside a given finite element. This transfer function corresponds to an arithmetic average, which is known to have a small smoothing effect in the equivalent plastic strain distribution. Anyhow, this smoothing effect is much smaller than if a reduced integration technique had been used (only one integration point per finite element). The equivalent plastic strain distribution, " e p , at the end of the test is shown in Figs. 9, 10, 11, for meshes corresponding to orientations of 15°, 30°and 45°, respectively. To highlight the influence of the correction/treatment type a detail of the equivalent plastic strain distribution near the trimmed boundary is also presented, for each case.
From the analysis of the equivalent plastic strain distributions it is possible to observe that in the middle of the specimen there is no influence of the mesh orientation. However, even along the width symmetry line, close to the specimen border there are some differences in the plastic strain distribution. These differences are particularly visible when degenerated elements are used to replace the pentahedral-shaped elements or in case of 45°rotated meshes.
Along the horizontal border lines important differences are reported with respect to the reference mesh distribution. The trimmed elements with one node in the middle of the edge present always higher equivalent plastic strain values in those nodes, when compared with the reference mesh, for both correction types II and III. When degenerated elements are used, higher strain concentration values are also predicted, typically over a larger area. In some cases, an oscillation between higher and lower equivalent plastic strain values can also be observed, commonly associated to regions with strong transitions in element size. However, the presence of degenerated elements seems to intensify this effect. The 45°trimmed meshes present finite elements oriented in a symmetrical form towards the load direction. Thus, in this case it is possible to observe that the equivalent plastic strain distribution is similar to the one of the reference mesh whether degenerated elements are applied or not (Fig. 11b, c) . The test conducted with decomposition of the pentahedral-shaped elements (treatment type L), presents irregular gradients in the border elements, highlighting the influence of the severe transition of geometry and dimensions between the border elements (see Fig. 11a ). This type of solution requires a larger number of nodes, even when compared with the option of distributing the middle nodes of each pentahedral-shaped element (see Table 3 ). This has an impact on the CPU time, which is 2.32 times greater for the treatment type L mesh relatively to the II mesh.
Error analysis
To quantify the differences observed in the equivalent plastic strain distributions, the average equivalent plastic strain in the homogeneous deformation zone of the reference mesh (see Fig. 7 ) was calculated along two lines: (1) the inferior border line, labeled Oy = 0 and (2) the middle width of the specimen, labeled Oy = 10. The normalized percentage error between each mesh and the regular (reference) mesh was calculated along both lines as:
The maximum, average and minimum percentage error were calculated for each mesh on both lines and the results are summarized in Fig. 12 .
Along the symmetry plane of the specimen (Oy = 10), the results show a percentage error always inferior to 3 %, for all meshes (see Fig. 12b, d, f) . Since the error value is similar for both the rotated and the trimmed meshes, one can conclude that it is not related with the finite element ratio SQ ð Þbut with the inner finite elements orientation. The percentage error increases for the border line (Oy = 0), in particular for the trimmed meshes (Fig. 12a, c, e) . In fact, the meshes rotated along the vertical direction (V meshes) present a linear increase of the average percentage error with the increase of the a angle, with similar average values for both Oy = 10 and Oy = 0 lines. However, along the border line there is a slightly higher oscillation of the error values around the average. It is important to mention that these meshes have no degenerated elements along the horizontal border lines. The meshes rotated along the horizontal direction (case H) present a linear increase of the average error with the increase of the a angle between 15°a nd 30°, for both lines. However, for 45°the error along the Oy = 10 line stabilizes, while along the Oy = 0 line also increases. Also, in this case, it is possible to confirm higher deviations of the percentage error around the average value, particularly in the border line, which can be related with the different element sizes as well as with the presence of degenerated elements. The 45°trimmed mesh with treatment type L presents an error similar to mesh H although it has no degenerated elements. Thus, the comparison between 45°V mesh and L mesh highlights the importance of the finite element ratio in the border line. H meshes present irregular shaped elements in the border line, but also degenerated elements, which lead to a higher variation of the equivalent plastic strain values. The meshes trimmed with the node repositioning in the middle of the edge also present a linear increase of the percentage error with the a angle increase, along Oy = 10 line (see Fig. 12d ). In this case, it is possible to confirm that the correction strategy III slightly increases the variation of the percentage error, but the difference is marginal. Along the border line the percentage error strongly increases for the 15°and 30°meshes, being higher for the 30°meshes. Along this line, the difference between both correction strategies is marginal (see Fig. 12c ). The percentage error for the 45°trimmed mesh is similar between the Oy = 0 and the Oy = 10 lines since, globally, this mesh is more regular than the others.
When adopting degenerated elements along the border line, the percentage error slightly increases along the symmetry line. This increase is more evident for 15°and 45°trimmed meshes (see Fig. 12f ). Along the border line the percentage error increases with the a angle for meshes with 15°and 30°. This can result from the fact that there are more degenerated elements in case of meshes with 30°. However, for the 45°mesh, the percentage error is similar to the one obtained with other 45°trimmed meshes, although all elements along the border line are degenerated. This can be related with the fact that for this particular case the node in the middle of the edge presents only a linear displacement (see Fig. 11 ). The comparison of the error obtained for trimmed meshes with and without degenerated elements allows confirming that the average error is similar. However, the use of degenerated elements reduces the error variations in the border line, while slightly increases those variations along the symmetry line (see Fig. 12c-f) . Globally, the results allow to confirm that finite element misalignment to the tensile direction introduces an average percentage error inferior to 3 % along the symmetry line. The use of irregular shaped elements along the border line increases the percentage error variation (see, for instance, Fig. 12a ). Higher error variations are obtained in the border line when degenerated elements are not adopted. However, the use of degenerated elements leads to a slightly higher error for the strain distribution in the inner elements. Figure 13 shows a schematic representation of the bending test. The test was performed by controlling the displacement, d, in one end of the specimen, until a nominal deflection of 50 mm. The nodes in the opposite end were constrained in all directions and plane strain conditions were imposed in the width direction.
Simple bending test
For this test, the force-displacement results obtained with the different meshes present some important differences. Thus, in the following subsections the differences obtained in the force-displacement evolution, the equivalent plastic strain distribution and the springback angle b, as defined in Fig. 13 , are discussed.
Force-displacement evolution
The force-displacement results obtained with the different trimmed and rotated meshes are shown in Fig. 14, together with the regular reference mesh result. Figure 14a presents the comparison between the reference mesh results and the trimmed meshes. Since no relevant differences are noticed between the different trimming cases and local element treatment schemes, the force evolution curves are only Figure 14b presents the comparison of results between the reference mesh and the rotated meshes, using a different scale due to the results obtained with the V meshes. From the analysis of the figure it can be concluded that the inner finite element orientation of the mesh directly affects the numerical prediction of the force evolution. For the trimmed meshes, higher rotation angles induce smaller bending force values. For the rotated meshes, two different behaviors occur. In case of H meshes, the force evolution is marginally affected by the finite element orientation, while for V meshes higher rotation angles induce greater bending force values.
These results can be explained considering the orientation of the longer diagonal of the inner finite element of each mesh, h, as represented in Fig. 5 . The h angle is defined as the minimum angle between the longer diagonal, d 2 , of the finite element and the horizontal direction. The values for this angle are reported in Table 2 , for each mesh. From the analysis of the table it is possible to confirm that this angle is smaller for the rotated V meshes, indicating that the longer element diagonal is more aligned with the bending direction. Since the longer diagonal value also increases with the rotation angle a, the values predicted for the force evolution also increase. For the rotated meshes the value of the diagonals is always the same. However, with the increase of the rotation angle a, the diagonals are less aligned with the bending direction, leading to the decrease of the bending force value. This conclusion can be arguable, since for the 45°rotation angle one of the diagonals is totally aligned with the horizontal direction. However, in this case, there is always an equidistant node to both nodes aligned with the bending direction, which seems to contribute to the decrease of the finite element mesh stiffness.
Equivalent plastic strain distribution
The equivalent plastic strain distribution was also analyzed for the different meshes and compared with the reference mesh results, using Eq. (11) to transfer the information from integration points to nodes. Figures 15, 16 and 17, present the results for the orientations of 15°, 30°and 45°, respectively. These figures show a detail of the part close to the fixed end, since the differences in the rest of the specimen are negligible. From the analysis of these figures it is observed that the strain distribution is clearly dependent on the FE orientation, since none of the other meshes can accurately reproduce the strain distribution observed for the reference mesh. Near the fixed boundary all the trimmed meshes and the H meshes show smaller strain values than the reference mesh. The V meshes present increasing equivalent plastic strain values with the rotation angle, near the fixed boundary, which can be explained taking into accounting the same effects seen in the previous subsection.
Comparing the results for the meshes created using the different correction types, subtle differences can be seen. For the 15°trimming orientation, the correction type II seems to induce lower oscillations in the equivalent plastic strain, for nodes in the middle of the facet of corrected elements (see Fig. 15c, e) . The option of degenerating the pentahedral-shaped elements slightly improves the results for this correction type (Fig. 15f) . For the 30°trimming orientation, the correction type III (Fig. 16a, c) appears to be the more adequate and the use of degenerated elements also seems to lead to an equivalent plastic strain distribution closer to the one obtained for the reference mesh. Finally, for the 45°trimming orientation (Fig. 17) , since the elements form a more regular mesh, the strain distribution obtained is closer to the reference mesh. The option of using degenerated elements, to replace the pentahedralshaped elements, does not seem to improve the accuracy for this mesh orientation (Fig. 17c) .
Error analysis
The springback angle, b, was measured for each mesh according to the definition presented in Fig. 13 . The normalized percentage error between each mesh and the regular (reference) mesh was calculated as:
being the results presented in Fig. 18a . From this figure, it can be observed that the springback angle shows some variation with the trimmed mesh orientation, being almost independent on the type of boundary elements that result from the different correction methods. It is observed that for trimmed meshes, the springback angle increases with the rotation angle a. The springback angle is almost constant for all H meshes, while for V meshes it strongly decreases with the increase of the rotation angle a. The overall springback variation can be correlated with the previously mentioned h angle. As shown in Fig. 18b , the difference between the h angle of trimmed meshes and the reference mesh increases with the rotation angle a of the mesh. In this case the diagonals size of the inner finite element is always the same, but with the increase of the h angle are less aligned with the bending direction, thus the springback angle increases. The same behavior is valid for the H meshes. However, in this case the variations in h are smaller leading to a smaller variation of the springback angle. For the V meshes, with the increase of the rotation angle a the longer diagonal increases, becoming also more aligned with the bending direction, i.e., the h angle decreases. This results in the strong increase of the punch force as well as in the strong decrease of the springback angle.
The interaction between the rotation angle a and the alignment angle h makes it more difficult to quantify the error associated to the inner finite elements rotation. However, the results indicate that, globally, the use of degenerated elements to correct the pentahedral-shaped elements tends to slightly increase the error in the springback angle. Also, in this case the correction method III leads to a slightly smaller error in the springback angle. This can be related with the fact that this correction method keeps the global orientation of the elements in the specimen width direction.
Application examples
DD3TRIM code has been used in pre-processing applications, for mesh generation within blank shape optimization procedures [20, 21] . However, the main application of DD3TRIM code is for multi-step deepdrawing simulations, combined with DD3IMP deep-drawing code. In this case, throughout the simulation, along with each mesh modification, a remapping operation is required to transfer the computed data (forces, displacements, stresses, strains, etc.) from the previous (before the trimming/remeshing) to the final mesh (after the trimming/remeshing). For this purpose, the DD3TRIM code includes a remapping algorithm named incremental volumetric remapping [34] , based on the weighted average calculus of the intersecting volumes of the two meshes involved in the remapping operation. In the following subsections, the application of DD3TRIM trimming algorithm is shown in two benchmark examples, only to highlight the local character of the changes induced in the finite element mesh by the trimming methodologies proposed.
Splitting ring test
The first benchmark presented is commonly named ''Splitting ring test'' and is related with springback prediction. The test methodology consists on cutting a ring specimen from a deep drawn cup and then splitting it along a radial plane. The difference between the ring diameters, before and after splitting, gives a direct measure of the springback that takes place in the ring, due to the residual stresses installed in the cup wall [35] . In this example, the deep drawn cup is trimmed by planes perpendicular to the drawing direction [18, 19] . Figure 19a presents an example of the final configuration of the drawn cup, which is first trimmed by a plane at a depth of 35 mm. The finite element mesh configuration Fig. 19b . Correction type II was selected to minimize the misalignment relative to the inner finite elements. Consequently, for the elements with status ''keep'', the nodes with ''eliminate'' status where projected on the plane. The same operation was performed for nodes with status ''keep'' of elements with status ''eliminate''. Thus, only four pentahedral-shaped elements appear in the transition between elements with status ''keep'' and ''eliminate''. According with the previously presented results, the pentahedral-shaped elements were treated by moving the nodes of the exterior facet of the element to the middle edge position. Afterwards, this mesh was trimmed by a plane at a depth of 25 mm, to obtain the ring presented in Fig. 19c . In this trimming operation the same correction and treatment methods were selected. However, in this case no treatment is necessary after the correction stage, since no pentahedral-shaped elements appear in the final mesh. The detail of the final ring, presented in Fig. 19d , highlights the treatment method applied. Figure 19e shows the final geometry of the ring, after the splitting operation, which is also defined using DD3TRIM code.
Equibiaxial-uniaxial strain path change test
This multi-step forming test was developed to better understand the behavior of the constitutive models under pseudo-orthogonal strain path changes during the material deformation process. The material pre-strain in biaxial stretching is achieved by means of the bulge test with a circular die. Figure 20 shows an example of the final configuration of the blank at the end of the numerical simulation of this step. This figure also shows the shape and orientation of the normalized tensile specimen that is extracted by trimming the deformed part. Subsequently, this specimen is subjected to a uniaxial tensile test [36] . In this example the cup is trimmed with a complex shape, schematically presented in Fig. 20a . Due to symmetry conditions of the example only a quarter of the tensile test specimen is trimmed from a quarter of the bulge specimen. This involves two trimming operations: (1) by a plane, to define the length of the specimen; (2) by a NURBS surface to define the specimen width. Also in this example, the correction type II was selected for both trimming operations, to minimize the misalignment relative to the inner finite elements. Due to the regular shape of the initial mesh, the trimming operation defined by the plane leads only to hexahedral elements, as shown in Fig. 20b . Along the width, due to a nonlinear shape of the mesh or of the trimming NURBS, some pentahedralshaped elements appear in the transition between elements with ''keep'' and ''eliminate'' status. Their shape was optimized moving the nodes of the exterior facet of the element to the middle edge position, as highlighted in the detail presented in Fig. 20c . The combination of correction and treatment strategies implemented in DD3TRIM algorithm allows performing this complex trimming operation without any user intervention.
Conclusions
This paper presents an evaluation of the correction and treatment methodologies implemented in DD3TRIM code, for trimming solid finite element meshes. Only the methodologies that can precisely adjust the mesh to the trimming surface, correction types II and III, were tested. The tests were performed considering an isotropic elastoplastic material with isotropic hardening. The comparison of numerical simulation results between trimmed and rotated meshes, with different orientations to the loading direction, highlights the local effect of the methodologies adopted. In fact, for the tensile test results it is possible to separate the effect of the correction and treatment strategy from the effect of the mesh rotation angle. It was possible to state that the error in the equivalent plastic strain distribution, related with the rotation angle a, is less than 3 %. The increase of this error, for each trimmed mesh, results from the presence of distorted and degenerated elements. The bending test is also sensitive to the mesh orientation towards the bending direction. Thus, it was not possible to separate the influence of mesh rotation angle. Globally, it can be stated that the differences in the numerical simulation results obtained with both correction strategies (II and III) are quite small and depend on the loading direction, i.e., for the tensile test the correction type II leads to smaller errors in the equivalent plastic strain distribution, while for the bending test correction type III results in lower springback errors. Therefore, the correction strategy should be selected trying to minimize the misalignment with the inner finite elements, but also taking into account the loading direction. Regardless of the treatment strategies applied to treat the pentahedral-shaped elements, there are always some oscillations of the internal state variables along the trimmed borders. These oscillations are narrower when degenerated elements are used but, globally, induce slightly higher errors in the numerical simulation results. Therefore, the relocation of the node in the middle edge methodology seems to be more effective. The application of DD3TRIM to benchmark tests also highlights the local effect of the developed solutions.
